Activation of the chemokine receptor CXCR4 by SDF1 controls a variety of biological processes in development, immune response, and disease [1] [2] [3] [4] [5] . The carboxyl-terminal region of CXCR4 is subject to phosphorylation that allows binding of regulatory proteins [5] ; this results in downregulation of CXCR4 signaling and receptor internalization [6] . Notably, truncations of this part of CXCR4 have been implicated in WHIM syndrome, a dominantly inherited immunodeficiency disorder [7, 8] . Despite its importance in receptor signaling and the clinical relevance of its regulation, the precise function of regulating signaling level and internalization in controlling cell behavior is not known. Whereas a number of in vitro studies suggested that the carboxyl terminus of CXCR4 positively regulates chemotaxis (e.g., [9] ), others reached the opposite conclusion [8, 10, 11] . These conflicting results highlight the importance of investigating this process under physiological conditions in the live animal. In this study, we demonstrate the significance of internalization and of controlling receptor signaling level for SDF-1-guided migration. We found that whereas internalization and the control over signaling intensity are dispensable for cell motility and directional sensing, they are essential for fine-tuning of migration in vivo, allowing precise arrival of zebrafish PGCs at their target, the region where the gonad develops.
Activation of the chemokine receptor CXCR4 by SDF1 controls a variety of biological processes in development, immune response, and disease [1] [2] [3] [4] [5] . The carboxyl-terminal region of CXCR4 is subject to phosphorylation that allows binding of regulatory proteins [5] ; this results in downregulation of CXCR4 signaling and receptor internalization [6] . Notably, truncations of this part of CXCR4 have been implicated in WHIM syndrome, a dominantly inherited immunodeficiency disorder [7, 8] . Despite its importance in receptor signaling and the clinical relevance of its regulation, the precise function of regulating signaling level and internalization in controlling cell behavior is not known. Whereas a number of in vitro studies suggested that the carboxyl terminus of CXCR4 positively regulates chemotaxis (e.g., [9] ), others reached the opposite conclusion [8, 10, 11] . These conflicting results highlight the importance of investigating this process under physiological conditions in the live animal. In this study, we demonstrate the significance of internalization and of controlling receptor signaling level for SDF-1-guided migration. We found that whereas internalization and the control over signaling intensity are dispensable for cell motility and directional sensing, they are essential for fine-tuning of migration in vivo, allowing precise arrival of zebrafish PGCs at their target, the region where the gonad develops.
Results and Discussion
CXCR4b Is Uniformly Distributed on the PGC Plasma Membrane and Internalizes in Response to SDF-1a Directionally migrating cells exhibit clear morphological polarity, which is often manifested in elongated cell shape and extensive protrusive activity at the cell front [12, 13] . An obvious factor that could contribute to cell polarity is the spatial distribution of the receptor guiding the process. Indeed, several chemokine receptors, such as the formylmethionylleucylphenylalanine (fMLP) receptor in neutrophils, CCR2 and CCR5 in T lymphocytes, and CXCR4 in B and T lymphocytes and in human hematopoietic progenitor cells, have been reported to be enriched at the leading edge in response to polarized application of the corresponding ligands in vitro [14] [15] [16] [17] [18] . In contrast, the distribution of other receptors such as C5a receptors in neutrophils and cAMP receptors in Dictyostelium discoideum during chemotaxis was shown to be uniform [19, 20] .
A useful in vivo model for studying cell polarization and guided migration is that of primordial germ cell (PGC) migration [21] [22] [23] . In zebrafish embryos, PGCs express the chemokine receptor CXCR4b and directionally migrate toward sites in the embryo at which the ligand SDF-1a is expressed [24] [25] [26] . To monitor the distribution of CXCR4b within migrating PGCs in developing zebrafish embryos, we expressed a CXCR4b-EGFP fusion protein in these cells. CXCR4b-EGFP was expressed in this experiment at a concentration optimal for its function as a guidance receptor [24] . Unlike results obtained from in vitro studies where asymmetric distribution of CXCR4 during migration was described [16] [17] [18] , CXCR4b was found to be uniformly distributed on the plasma membrane in a similar manner to that of a membrane marker (farnesylated Ds-Red) throughout the migration process ( Figure 1A and Movie S1 in the Supplemental Data available online). This discrepancy could be attributed either to the difference among the cell types examined or to differences between the in vitro experimental systems and the in vivo situation where the cells are exposed to physiological amounts of the ligand SDF-1.
The uniform distribution of CXCR4b on the plasma membrane implies that polarization of migrating PGCs depends on asymmetric receptor activation rather than on its distribution (e.g., [27] ). An important process that was implicated in localizing receptor activation to the leading edge is endocytosis [28] , and defects in receptor internalization were also implicated in abnormal migration of leukocytes derived from patients with WHIM syndrome in which truncation of the cytoplasmic tail of CXCR4 was identified [7, 8] .
To determine whether CXCR4b undergoes internalization in response to its ligand, we have transplanted cells expressing high levels of SDF-1a as a source of the chemokine in close proximity to PGCs expressing CXCR4b-EGFP. This manipulation stopped cell migration because of ligand excess and led to a gradual reduction in CXCR4b signal on the plasma membrane. Concomitantly, the intracellular GFP signal increased, providing evidence for receptor internalization in vivo ( Figure 1B and Movie S2).
The CXCR4b-EGFP fusion protein could therefore allow us to define domains or specific amino acids that are essential for CXCR4b internalization. This information would then enable us to determine the role *Correspondence: erezraz@uni-muenster.de internalization plays in chemokine-regulated signaling and guided cell migration.
CXCR4b Internalization Requires Functionally
Redundant Serine Residues Located at the C Terminus of the Protein CXCR4 internalization is mediated by a group of proteins that interact with the receptor through phosphorylated amino acids located at the C-terminal part of the molecule ( [29] [30] [31] [32] [33] and reviewed in [6] ). At the same time, this region is also involved in desensitization of the receptor and downregulation of G protein signaling [5] . Conserved serine phosphorylation sites within the cytoplasmic C terminus were shown to regulate endocytosis in different experimental systems [30, 31, [33] [34] [35] [36] [37] [38] [39] . To determine whether these findings pertain also to CXCR4b in the context of germ-cell migration in vivo, we have generated deletion and point mutations in the EGFP-tagged receptor and examined the effect of these manipulations on receptor internalization ( Figures 1C-1F ). As depicted in Figures 1C-1E , PGCs expressing the various mutated CXCR4b forms were exposed to SDF-1a, which was provided by endodermal cells engineered to express high levels of the chemokine (see Supplemental Experimental Procedures). In this experiment, wild-type CXCR4b-EGFP fusion protein, as well as mutants that were capable of undergoing internalization, were not found on the plasma membrane ( Figure 1D ), whereas mutated proteins that could not internalize remained on the plasma membrane ( Figure 1E ). In this analysis ( Figure 1F ), we identified serine residues located within a 15 amino acid span at the C terminus (serines 339, 340, 342, 345, 347, 348, and 349 located within the shaded area in Figure 1F ); these residues together were crucial for receptor internalization. Interestingly, serine residues within this region are functionally redundant (compare mutants 3, 4, and 5 to 2 and 6 in Figure 1F ), so that different parts of the C terminus of CXCR4b could provide the platform for phosphorylation required for internalization. The redundancy among the phosphorylation sites could indicate a potential for integrating multiple inputs that would modulate the process.
The most distal part of the C terminus of CXCR4 is highly conserved between Danio rerio and Homo sapiens, and the seven serine residues that we have shown to be critical for CXCR4b internalization exist in the human protein as well ( Figure 1G ). To determine whether the serines in the zebrafish and human C terminus of CXCR4 exert similar function, we have generated mutants of the human receptor in which either all seven serines in the critical region were exchanged with alanines (mutant 11 in Figure 1F ) or only serines in specific parts of this region (mutants 12 and 13 in Figure 1F ). We then examined the internalization potential of these mutants in transfected HEK-293 cells. After application of recombinant human SDF-1 to the medium, the level of wild-type CXCR4 on the plasma membrane was strongly reduced, whereas the GFP signal became detectable in large cytoplasmic vesicles (yellow in Figure 1I ). These vesicles contained fluorescent dextrane that was applied along with SDF-1, confirming the endocytic origin of those vesicles. In contrast, human CXCR4 lacking the seven serines (mutant 11 in Figure 1F ) predominantly remained on the plasma membrane ( Figure 1I ). Similar to our finding in zebrafish, human CXCR4 molecules that retained some serines in this critical region (mutants 12 and 13 in Figure 1F ) underwent internalization in response to SDF-1. These results demonstrate the functional conservation of the amino acids required for internalization of fish and human CXCR4 receptors and reinforce the notion that serines within the most distal region of the cytoplasmic tail of CXCR4 act redundantly in supporting internalization.
These findings differ from previous results suggesting that specific amino acids within this region are essential for internalization [31] ; mutating these residues alone (serines 338 and 339 in the human receptor or the corresponding serines 339 and 340 in the zebrafish receptor) had no effect on internalization in our experimental systems (data not shown).
To determine whether the difference in internalization potential between wild-type and ''noninternalizable'' mutant CXCR4b described above is relevant for cells responding to physiological levels of SDF-1a, we compared the subcellular localization of the two receptor versions in two situations: (1) When germ cells migrate to a source of SDF-1a expressing physiological amounts (see Supplemental Experimental Procedures) of the chemokine ( Figure 1H , transplant [low SDF-1a]; left panels) and (2) during normal development, when the cells form clusters in response to endogenous SDF-1a ( Figure 1H , clustering target; middle panels). In both cases, the wild-type receptor was found at the plasma membrane as well as in intracellular vesicles, whereas the mutant receptor was detected exclusively on the plasma membrane. Importantly, in the absence of SDF-1, wild-type CXCR4b was not detected in cell interior, proving that the observed internalization resulted from receptor activation by SDF-1 ( Figure 1H , no SDF; right panel).
Enhanced Signaling by Internalization-Defective CXCR4b
A rise in calcium levels is one of the earliest events after activation of CXCR4 by SDF-1 [40, 41] , and such an increase was shown to be important for proper PGC migration in zebrafish [27] . To determine whether preventing internalization alters the signaling level by CXCR4b, we have assayed the potency of the relevant mutants in mobilizing calcium. Importantly, we found that the level of calcium in pseudopods of cells lacking endogenous functional CXCR4b (in odysseus mutants [ody]) engineered to express the mutant CXCR4b (construct 6 in Figure 1F ) was significantly higher than that in control cells expressing the wild-type form ( Figure 1J ). These results are consistent with previous findings [29] , indicating that the internalization-defective receptor is active and provides a stronger signal than normal (reviewed in [6] ).
The results presented above provide us with a powerful tool for investigating the role internalization plays in guided cell migration in vivo. Such an analysis could be performed by comparing the function of the ''noninternalizable'' version of CXCR4b (e.g., construct 6 in the Figure 1F ; hereafter referred to as ''mutant receptor'') with that of the wild-type receptor in supporting directed PGC migration in vivo. 
The C-Terminal Domain of CXCR4b Is Essential for Precise Arrival of the PGCs at Their Target
To determine the functional significance of internalization in guided cell migration in the context of the intact organism, we evaluated the ability of the PGCs guided by the mutant receptor to arrive at the site where the gonad develops and where PGCs normally colonize within 24 hr after fertilization [42, 43] . To this end, we have made use of ody embryos, which carry a loss of function mutation in the cxcr4b locus [44] . Wild-type or mutant forms of the receptor were expressed in ody mutant embryos, and the position of the germ cells in 1-dayold mutants was monitored. Unable to respond to SDF1a, germ cells of the ody mutants are found at random positions throughout the embryo rather than as a cluster at the site where the gonad develops (Figures  2A and 2D ; see also [44] ). Introduction of the wild-type receptor into ody-mutant germ cells dramatically reverted this phenotype because 88% of the cells arrived at the region of the gonad ( Figures 2B and 2D ) (considered as 100% in Figure 2D ). Interestingly, in this assay, the mutant receptor was significantly less potent in complementing the ody mutation in comparison with the wild-type version ( Figures 2C and 2D) . Furthermore, the cells that are guided by the mutant receptor that nonetheless arrived at the region of the gonad formed a distinctly dispersed cell cluster in comparison with cells directed by the wild-type receptor (Figures 2B, 2C, and 2E; for more examples see Figure S1 ). Notably, the cells expressing the mutant receptor that were found at ectopic positions in 24-hr-old embryos were not located at random positions. Rather, such cells arrived at other SDF-1a expression domains, such as a region between the midbrain-hindbrain boundary and the otic vesicle [24, 42] , and along the lateral line [45, 46] ( Figures  2C and 2E and Figure S1 ). It is conceivable therefore that cells guided by the mutant receptor respond to SDF-1a by directed migration but frequently miss their correct target and arrive at other sites where SDF-1a is expressed. It is noteworthy to mention that similar results were obtained when other internalization-defective mutant forms of the receptor (construct 1 and 2 in Figure 1F ) were assayed for complementing the ody mutation (data not shown). In addition, the effectiveness of the CXCR4b-EGFP protein fusions to guide the PGCs toward their targets was in all cases identical to that of the non-EGFP-fused versions (data not shown).
The increased calcium level in cells expressing the mutant CXCR4b ( Figure 1J ) and the enhanced G protein activity induced by C terminus-mutated CXCR4 [8, 11] are consistent with the notion that this domain is important for restricting receptor signaling. Expressing an overactivated internalization-defective mutant receptor in wild-type cells is therefore expected to interfere with normal migration. Indeed, increasing the level of the noninternalizable receptor to the amount previously used for complementation of ody embryos (i.e., 90 pg of RNA; Figure 2D ) resulted in arrival of otherwise wildtype cells at ectopic locations as observed in 24-hr-old wild-type embryos ( Figure 2F ). This effect was concentration dependent such that further increase in the amount of the mutant receptor led to a corresponding increase in the percentage of misguided cells ( Figure 2F ). In this assay, expression of particularly high levels of the wild-type receptor (i.e., 240 pg of RNA; Figure 2F ) resulted in imprecise cell migration as well, presumably because of higher levels of CXCR4b signaling as manifested by higher calcium level in protrusions of these cells ( Figure 1J ). The wild-type receptor was however significantly less potent in inducing ectopic cell migration as compared with the mutant receptor (e.g., no migration phenotype is observed at the 90 pg level; Figure 2F ).
Together, our results suggest that chemokine-receptor internalization and signaling level are important for proper chemotaxis of germ cells. We show that although germ cells guided by CXCR4b harboring defective C tail are able to sense and respond to SDF-1a, many of them arrive at ectopic locations, and those that reach the correct target do not cluster properly.
(E) In the receptor, specific mutations that inhibit internalization of the CXCR4b-EGFP fusion protein (green) result in persistence of the signal on the membrane despite the exposure to SDF-1a-expressing cells (red). (F) Mutations in the C-terminal domain of CXCR4 and their effect on internalization. The C terminus of CXCR4 was mutated by introduction of deletions (constructs 1-4 and 7), by substitution of serines for alanines (constructs 5, 6, 8, and 11-13), or by both (constructs 9 and 10). ''S/A'' indicates that all serines in the region where this mark is positioned were replaced by alanine. The effect of these mutations on receptor internalization was assayed as described in (C). Internalization appearing as shown in (D) is marked ''+'', and lack of internalization as shown in (E) is marked ''2.'' The internalization potential of the human CXCR4 mutants (constructs 11, 12, and 13 as well as the wild-type form) was assayed as shown in (I). (G) High conservation in the C terminus of CXCR4b between zebrafish and human (identical residues labeled in red). Serines that were mutated into alanine residues (E and F) are underlined. (H) Mutating serine residues at the C terminus of CXCR4b prevent the receptor internalization at physiological levels of SDF-1a. The wild-type CXCR4b is observed on plasma membrane and intracellular vesicles (upper panels), whereas the mutant receptor is localized exclusively to plasma membrane (lower panels). PGCs have arrived to a group of cells engineered to produce physiological levels of SDF-1a (red) (left panels, see Supplemental Experimental Procedures) or to the normal clustering position in response to endogenous SDF-1a (middle panels). In the absence of SDF-1, wild-type CXCR4b is not detected in the interior of the cells (right panel). (I) The alanine-exchanged mutant of human CXCR4 (construct 11 in [F]) demonstrates defective internalization. The wild-type form of human CXCR4 expressed in HEK-293 cells internalizes efficiently upon exposure to recombinant SDF-1 and translocates into vesicles that contained red fluorescent dextran that was added to the medium along with SDF-1 (signal colocalization appears yellow). In contrast, a mutated version of the human CXCR4 where seven serines were exchanged with alanine residues (mutant 11) fails to undergo internalization upon application of SDF-1. It would be interesting to determine the relative contribution of receptor internalization alone versus downregulation of receptor signaling, two processes that depend on an intact cytoplasmic tail of CXCR4 to controlling cell migration. However, specific internalization inhibitors that could uncouple the two processes (e.g., [47] ) cannot be employed in the in vivo experimental system used here. Specifically, expression of dominant-negative forms of proteins whose function is essential for internalization (e.g., dynamin and caveolin-1) at levels too low to affect CXCR4b internalization already inflicts general toxicity on the developing embryos. Furthermore, even at lower concentrations that do not severely affect general embryonic development, these agents strongly inhibit PGC motility, signifying the general deleterious effect these reagents exert on cells.
The critical role of these two tightly connected events, i.e., receptor internalization and control of signaling level in arrival at the target, prompted us to investigate PGC migration at a higher resolution under conditions in which these processes are abnormally regulated.
Restricting Active Migration Requires Internalization and Control of Signaling Level
To determine the basis for the defects in migration described above, we have monitored the behavior of PGCs that express the mutated receptor and compared it to that of cells that express the wild-type form. It has been previously shown that zebrafish PGCs migrate in a characteristic bimodal fashion alternating between run and tumbling. This pattern is an intrinsic property of the migrating cells and occurs independently of receptor signaling [25] . During run phases, the cells are polarized and actively migrate, whereas during tumbling, cells lose their polarity, remain on the spot, and resume migration while correcting their migration path (see Figure 3A and [25] ). Because the vast majority of corrections to the migration route are performed at the Figure 1F ) is less effective (C). Insets in (B) and (C) are enlarged images of the area where the gonad develops in the corresponding embryos. Cells expressing the mutant CXCR4b often form a loose cluster. (D) The percentage of correctly migrating PGCs (cells that have arrived at the region where the gonad develops) in ody embryos and in ody embryos expressing the wild-type or the mutant form (mut CXCR4b, construct 6 in Figure 1F ) of CXCR4b. The error bars represent the SEM, and ''n'' is the number of embryos examined. (E) Whole-mount in situ hybridization of an embryo whose PGCs (nanos-1 in blue) express a mutant form of CXCR4b. PGCs arrive at various sites of sdf-1a expression (labeled in red), other than the site of the gonad. The inset shows sdf-1a expressed along the lateral line that attracts PGCs located away from their correct target (for more examples, see Figure S1 ). (C) Duration of run of ody or wild-type PGCs expressing the wild-type or the internalization-defective CXCR4b were measured as they migrated toward their endogenous targets. vasa-DsRed-3 0 UTR RNA was used as a control. The total amount of control and CXCR4b (wild-type or mutant) RNA injected per embryo was 90 pg in all treatments except for the ''WT + WT CXCR4b high,'' where 240 pg of wild-type CXCR4b RNA was injected. The error bars represent the SEM, and ''n'' is the number of run phases analyzed. ''ody + control'' and ''ody + WT CXCR4b'' as well as ''WT + WT CXCR4b'' and ''WT + WT CXCR4b high'' differ significantly as judged by t test. A p value < 0.004 and p < 0.02, respectively. (D) Percentage of cells performing at least one run lasting more than 15 min in the experiment described in (C) (n = 9-16 cells for each experimental point).
(E) Internalization is required for reducing the duration of run phases in the vicinity of the target. The duration of run and tumbling phases was extracted from tracks of wild-type cells that express exogenous wild-type (left) or mutant CXCR4b (right) as they migrate toward a transplant of cells producing SDF-1a. The duration of the run phases of cells expressing wild-type CXCR4b far from the transplant (R90 mm) was higher compared to the duration of the run phases close to the transplant (%60 mm). In contrast, germ cells expressing the mutant CXCR4b increased the duration of the run phases as they arrived closer to the transplant. The error bars represent the SEM. (F) A model for the role of internalization in precise arrival of PGCs at their target. Sensing SDF-1a cells migrate directionally performing relatively long run phases as compared to cells migrating in an environment lacking the directional cue. As they get closer to the target, run phases become shorter in a process that depends on internalization. In the absence of internalization, the run phase remains long and the cells may pass over their target. Large flags depict the PGC target where peak level of SDF-1a is produced. Smaller flags depict other locations in the embryo where SDF-1a is expressed.
exit from the tumbling phase, the run-and-tumbling behavioral pattern constitutes a mechanism regulating the accuracy of PGC migration as the cells follow the dynamically changing expression of the chemokine. After reaching their target where peak levels of SDF-1a are expressed, the cells assume apolar morphology, extend protrusions in all directions, and remain on the spot [25] .
To determine whether the run-and-tumbling behavior is modulated by receptor internalization, we have analyzed the migration of ody germ cells expressing the mutant receptor in comparison to ody cells expressing the wild-type receptor. Specifically, we examined the duration of run and tumbling as well as the migration speed of experimental and control cells (Figure 3 and Movies S3 and S4). We found that whereas the speed of run ( Figure 3B ) and the duration of tumbling (data not shown) were similar in the two cell populations, PGCs expressing the internalization-defective mutant receptor performed longer runs relative to their control counterparts ( Figure 3C and Movies S3 and S4). In an additional analysis, we grouped the run phases according to their duration (one group of 1-15 min runs and a second group of runs lasting longer than 15 min) and found that lack of CXCR4 internalization resulted in a striking increase in percentage of PGCs that performed at least one long run, from 33% of cells guided by the wildtype form of the receptor to 81% of cells when guided by the mutant receptor ( Figure 3D) . Importantly, the effect on the run-and-tumbling behavior described above for the mutant receptor (construct 6 in Figure 1F ) was replicated in a similar experiment in which the ody mutation was complemented with a receptor lacking the serine-rich region (construct 2 in Figure 1F) .
Consistent with the findings obtained by examination of ody mutant embryos, wild-type cells expressing the mutant receptor or high amounts of the wild-type CXCR4b performed extended run phases as well (Figures 3C and 3D) . These results can therefore account for the dominant deleterious effect of receptor oversignaling on the arrival at the gonad ( Figure 2F ). Moreover, these findings could pertain to the dominant WHIM syndrome disorder. This disease is associated with C-terminal truncations in CXCR4, and these truncations result in a dramatic decrease in internalization of the receptor. Cells derived from patients suffering from this disorder exhibit increased CXCR4 signaling and enhanced chemotaxis in vitro. Nevertheless, the precise effect on cell migration within the body and the basis for the observed pathology have remained unknown [7, 8, 10] .
Together, our results indicate that the C terminus of CXCR4 regulates the run-and-tumbling behavior by restricting the duration of run phases. Consistent with our data are the results describing cells carrying a C-terminal truncation mutant CXCR4 that exhibit increased motility in the wound-healing and transwell assays [8, 10, 11] . The errors in arrival of PGCs at the site of the gonad, when guided by CXCR4b forms that lack a functional C terminus ( Figures 2C and 2D and Figure S1 ), could therefore result from cells ''overshooting'' their target because of abnormally long duration of run ( Figure 3D and Movie S4). The migration route of such cells could now be dictated by SDF-1a expression domains that normally function in other morphogenetic processes (e.g., guidance of the lateral line primordium [45, 46] ; see Figures 2C and 2E and Figure S1 ).
Whereas increased receptor activation resulted in long run phases, reducing the signaling level led to the opposite result. Namely, PGCs lacking a functional receptor (as is the case in ody mutant embryos) performed shorter runs than those of the same cells complemented by wild-type CXCR4b ( Figure 3C) . Similarly, PGCs migrating in an environment devoid of SDF-1a, as well as cells knocked down for CXCR4b, also performed shorter runs relative to those of wild-type cells (data not shown).
The ''Run'' Phases Shorten as the Germ Cells Approach Their Target According to our findings, cells in which CXCR4b signaling is reduced spend less time actively migrating, i.e., in run mode, relative to cells experiencing normal signaling levels (see Figure 3C and [25] ). Conversely, increasing the level of the directional signal (as manifested in enhanced calcium mobilization; Figure 1J ) dramatically prolongs the duration of runs ( Figures 3C and 3D and Movies S3 and S4). It would therefore be expected that as the cells approach their target, where the level of SDF-1a is the highest, the duration of runs would be further increased. Considering the above results, prolonged runs at the vicinity of the target would reduce the precision of arrival and interfere with efficient clustering. In contrast to these expectations, we found that as wild-type PGCs approach a group of transplanted cells engineered to express high levels of SDF-1a, the duration of the run phases is decreased, whereas the duration of the tumbling phase remains the same ( Figure 3E ). Such behavior would enable corrections to the migration path close to the target, thus reducing the chance of the cells arriving at other sites where SDF-1a is expressed ( Figure 3F ). Importantly, PGCs expressing the mutant CXCR4b do not exhibit this behavior and actually increase the duration of run phases as they approach the transplant ( Figure 3E ). These results are consistent with the idea that cells that are unable to internalize the receptor and reduce intracellular response to the chemokine experience enhanced signaling level closer to the transplant. These molecular events manifest in the increased duration of the run phase. Interestingly, in this ''simplified'' migration environment where the endogenous cues are knocked down and the directional information is provided by a single stationary source of SDF-1a, cells guided by the mutant receptor successfully arrive at the target (data not shown). It is likely that only when other targets are present in the migration field as is the case in the in vivo situation that the long runs result in arrival at other sources of SDF-1a ( Figures 2E and 3F and Figure S1 ).
Conclusions
We have shown that the C-terminal region of CXCR4b is required for restricting the active migration (run) by downregulation of receptor signaling, which is associated with receptor internalization. Controlling the duration of run phases is in turn essential for precise arrival at the target and for the formation of tight clusters at these sites ( Figure 3F ).
The C-terminal domain of many chemokine receptors was shown to be essential for controlling receptor signaling and internalization (reviewed in [5, 6] ). These receptors are involved in directing cell migration in different processes such as lymphocyte trafficking (reviewed in [48] and [49] ) and cancer (reviewed in [50] ) and in the development of the vascular system [51] . It would therefore be important to determine whether the in vivo role for receptor internalization and reduction of signaling level in allowing periodical corrections to the migration route apply for those other events as well.
Supplemental Data
Experimental Procedures, one figure, and four movies are available at http://www.current-biology.com/cgi/content/full/17/13/1164/ DC1/.
